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Absbacl - In this paper, the perfonnance of a 5-phase daw- 
pole machindconverter system is compared with those of 3- 
phase and 6-phase systems nf the same volume. It is shown that 
the aconstic output of the 5-phase machine compares favorably 
with that d t h e  &phase machine and is much lower than that of 
the 3.phase machine over a majority of the operating range. In 
addition, the output current produced hy the 5-phase machine 
Is, In general, 64% higher than thcse of the 3-phase and &phase 
machines. These results suggest that for maximiring pow'er 
density while minimizing' cost and acoustic noise, 5phase 
machines provide a competitive alternative to 6-phase machines 
of identical volume. 
I. INTRODUCTION 
Traditionally, automotive generation systems have been 
comprised of a 3-phase LnndeU (claw-pole) synchronons 
machine connected to an uncontrolled 6-pulse rectifier. One 
of the primary design requirements of these systems is 
maximizing power density subject to the constraint of 
minimizing overall system cost. However, with progress 
made in reduction of automotive drive train noise, the 
generating system has been found to be a dominant noise 
source under idle conditions at high electrical load. Thus, an 
added design constraint is the minimization of acoustic noise 
produced by the machine. To reduce the aconstic noise, the 
use of 6-phase machinedlZpulse rectifiers has been 
proposed [I]. Specifically, the 6-phase machines that have 
been developed are constructed with two sets of 3-phase 
stator windings that are displaced by 30 electrical degrees. 
Although the sources of acoustic noise from automotive 
generators have not been previously detailed in open 
literature, utilization of 6-phase machines is a relatively 
common method used to reduce the torque ripple produced 
by synchronous and induction machines [2-6]. 
As a means to mitigate torque ripple by increasing the 
number of stator phases, the 6-phase machine has received 
the most attention. However, there has been research to 
indicate that 5-phase machines can also be effective. 
Specifically, in [7] it was shown that in a IO-pulse voltage- 
source induction motor drive, the torque ripple produced was 
one-third the amplitude and at a higher tiequency than a 
corresponding 6-pulsd3-phase system. In related research on 
5-phase reluctance machines, it has been shown that stator 
current harmonics can be controlled to produce average 
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torque, increasing the torqudampere over 3-phase machines 
of similar volume [8]. 
In this paper, the performance of a 5-phase claw-pole 
machindrectifier system is compared with those of 3-phase 
and 6-phase systems of the same volume (outside diameter 
and length). The indices of primary interest are those of 
acoustic noise and output power over rotor speeds of 1500- 
6000 rpm, as well as cost and reliability. It is shown that the 
acoustic output of the 5-phase machine compares favorably 
with that of the &phase machine and is much lower than that 
of the 3-phase machine over a majority of the operating 
range. In addition, the output current produced by the 5-phase 
machines is, in general, on the order of 6-88 higher than 
those of the 3-phase and 6-phase machines. These results 
suggest that for maximizing power density while minimizing 
cost and acoustic noise, 5-phase machines provide a 
competitive alternative to 6-phase machines of identical 
volume. 
II. ACOUSTIC NOISE IN AUTOMOTIVE GENERATORS 
The stator of a claw-pole synchronous machine is similar 
to those of wound-rotor synchronous machines used in large 
utility applications. The rotor pole faces have a trapezoidal, 
or claw shape and the two sets of claws are nested to form 
pole pairs. In automotive charging systems, the stator phase 
windings are generally concentrated (1 sloflpoldphase), the 
rotor contains 12 poles, and the 3-phase stator terminals are 
connected to a 6-pulse rectifier, as shown in Fig. 1. 
In these systems the primary acoustic output that receives 
significant attention is the noise that is generated at 6 times 
the rotor electrical speed (6' orda electrical, 36' order 
mechanical). Evaluating potential sources of noise, there are 
harmonics in the magnetic field in the airgap that create radial 
forces with a 6' order component that act on the statorlrotor 
structures. Harmonics of the same order appear in tangential 
forces acting on the statorlrotor structures, which yields 
torque ripple. 
Extensive investigation has led lo the conclusion that the 
conversion of torque ripple into the dynamic response of the 
mounting system is a predominant source of noise. Among 
the studies used to draw this conclusion were acoustic noise 
measurements on machines with varying mount compliance, 
0-7803-7817-U03/$17.00 2003 IEEE 1357 
acoustic noise tests with shrouded stators, and data from 
accelerometers mounted on a lever arm extended from a free- 
compliant stator. 
3-Phase Machine 
Figure I ,  Traditional automotive charging system. 
To establish an expected difference in the acoustic noise 
produced by 3-, 5- and &phase claw-pole machines, lnmped- 
parameter models have been utilized. Within the models the 
electromagnetic torque is expressed in terms of the CO-energy 
of the coupling field as [9] 
where Or is the electrical rotor position and P is the number 
of poles. In the linear magnetic region, the co-energy can be 
expressed in terms of stator currents and self- and mutual- 
inductances as 
where L,,(@,), LSfd(6',), and L , ( @ , )  are matrices that 
contain the stat01 self- and mutual-inductances, and stator- 
rotor mutual inductances respectively. The scalar L,d,(8,) 
represents the field winding self-inductance. In [lo] a lumped 
parameter model of the 3-phase machine is described wherein 
the harmonics introduced by rotor saliency, stator slots, and 
winding harmonics are included in the derivation of the 
model. The inductances are expressed in a closed form 
L ~ , . , , = L , , , + L ~ + L ~ , c o s ( ~ ~ , + ~ ~ , ) +  ..., (3) 
&m=Lam+r,m(28,+&) t..., (4) 
' fd/d = 'W + ' / d  ) ' (6) 
where Lasa is the phase-o self inductance, La, is the phase-a 
to phase-b mutual inductance. and La,,d is the phase-a to field 
mutual inductance. 
In the nonlinear magnetic region, where the machine is 
typically operated in automotive applications, (2) is not an 
exact representation for CO-energy, and numerical techniques 
are used to determine the -energy as a function of state. 
However. it is convenient to use the linear expression to 
consider harmonic content. Evaluating (1) using inductances 
of the form of (3>-(6) in (2) yields a torque expression 
P aL i' at,,,, a&, i:, 
2 as, 2 as, as, 2 T, =-[(ax+-(&, +...+-- ) i 
The fEst term in the parenthesis on the right represents the 
torque that is due to the saliency of the rotor, the second is 
due to the coupling between magnetic fields created by stator 
and rotor current, and the third is due to the interaction of the 
rotor magnetic field and the stator slots (cogging torque). 
Torque ripple results from each of these respective sources. 
The torque ripple components of the 3-phase machine (one 
slotlpoldphase) are at multiples of the 6' order of rotor 
electrical frequency. For the 5-phase machine (we 
sloffpold hase) the torque ripple components are at multiples 
of the 10 order of rotor electrical frequency, and for the 6- 
phase machine (one slot/poldphase) the torque ripple 
components are at multiples of the 12' order of rotor 
electrical &equeucy. 
A comparison of the respective frequencies and amplitudes 
of the torque ripple at a mechanical speed of 2000 rpm 
predicted from models of each of the machines (operating in 
the linear magnetic range) is shown in Fig. 2. From the figure 
it can be seen that the 10* harmonic of the 5-phase machine 
is roughly 113 the amplitude of the Bh harmonic of the 3- 
phase machine and approximately 30% higher than the 12' 
harmonic of the 6-phase machine. 
In saturation, the ratio between the harmonics of the torque 
ripple of the machines is not necessarily fixed. Specifically, 
each of the harmonic components of the air gap flux density 
changes due to changing flux distribution along the claw, 
which alters the harmonic content of the torque produced by 
each machine. 
P, 
ma=-md%--idl"%m .... "Um,* - n , b - m   mmr* 
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Figure 2. Example of torque harmonic specmm. 
- 
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A model of the 3-, 5-, and 6-phase machines has been 
created in which the effects of saturation are approximated 
using techniques described in [I I]. Therein, the harmonics of 
the airgap MMF are expressed as a function of d-axis flux. 
For the machines studied over the speed range of 1500-6000 
rpm with 5A field excitation and a 14V battery as the load, 
the 6-phase machine has 1 1  order of torque ripple in the 
range of 0.1-0.2 N m  wbile the l0lh order of torque ripple of 
the 5-phase machine is consistently on the order of 30% 
higher than that of the 6-phase machine. The 3-phase 
machine has 6*-0rder torque ripple that increases nearly 
linearly from 0.8-1.4 Nm from 1500-6000 rpm. 
Experimental validation has been performed to compare 
the acoustic noise produced by the three machines. The 
results of the comparison are shown in Fig. 3. It is noted there 
is not a one-one correspondence between the respective 
torque ripple amplitudes and acoustic noise at a given rotor 
speed, since the frequencies of the ripple are different for 
each machine. The acoustic noise data is also presented on a 
dB scale. Nonetheless as shown, the 5-phase machine is at 
least 8-10 dE3 below that of the 3-phase machine over the 
majority of the speed range. As expected, the &phase 
machine has less acoustic output than the 5-phase machine. 
m. COMPARISON OF OUTPUT PERFORMANCE 
To provide a basis for comparing the output current of the 
3-, 5-. and 6-phase machines, it is convenient to represent the 
coupling of the rotor to stator windings through back-emf, 
which is shown on each of the stator windings in Fig. 1 and 
Fig. 4. The average output current of the rectifier is a function 
of the back-emf on the stator windings, the commutating 
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Figure 3. Measured sound pressure levels of 3; 5.. and bphase machines 
operated ai full load. 
In terms of the frequency of the forcing function that is 
input to the mount system. at a given rotor speed the &phase 
machine will inwoduce torque ripple at twice the fi’equency as 
the 3-phase machine. If one compares the acoustic noise of 
the &phase machine at a given rpm with the noise produced 
by the 3-phase machine at twice the given rpm, it is seen that 
there is a difference of approximately 15-20 dE3. ’Ibis is 
consistent with difference in amplitudes of the respective 
forcing functions (0.14.2 Nm to 0.8-1.4 Nm). Comparing the 
acoustic noise of the &phase machine at a given rpm. with 
that of the 5-phase at 615 the given rpm, one finds a 
difference of 4-5 dB, which is consistent with an amplitude 
that differs by 30%. Therefore, the results shown in Fig. 3 
correlate well with expected performance. 
5-Phase Machine 
Figure 4. 6-phase and 5-phase charging systems. 
In general, winding harmonics, coupled with permeance 
harmonics due to stator slots and rotor saliency lead to a 
back-emf with significant harmonic content. Although 
important for evaluating acoustic noise, to compare the 
output of the machinedrectifiers it is convenient to neglect 
harmonics and assume each of the machines has a phase-o 
back-emf of the form 
e, =ecos(B,), (8) 
where the amplitude e is a function of field flux linkage and 
rotor speed. 
As conduction begins, the switching of each of the 
rectifiers is a function of the back-emf waveforms and is 
consistent with the numbering of the diodes shown in Figs. 1 
and 4. If one assumes equal back-emf amplitudes for the 
three machines, the c u t 4  speed where conduction begins 
(the line-tdine emf exceeds the battery voltage) is lower for 
the 5-phase machine. Specifically, the &phase machine is 
constructed as two 3-pha.s~ machines offset by 30 electrical 
degrees. Therefore, the line-@line emf of the 3- and &phase 
machines is found from the vector sum of two phases 
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displaced by I20 degrees, which is equal to $eo,. The lme- 
tc-line emf of the 5-phase machine, in contrast. is found Gom 
the vector sum of two phases displaced by 144 degrees, 
which is equal to 1.902ee,. Thus, for a given speed, one 
would expect a lie-tc-line emf that is roughly 10% higher 
for the 5-phase machine compared to the 3- and 6-phase 
machines. In theory, this leads to a cut in speed that is 
roughly 10% lower for the 5-phase machine. However, the 
influence of slotting and saturation both play a role in the 
respective cut-in speeds. 
For a given number of rotor poles and stator 
slot/pole/phase, $e 5-phase and 6-phase machines will have 
513 and twice the number of slots as the 3-phase machine, 
respectively. When evaluating the impact of this on stator to 
rotor flux linkage. Carter's coefficient provides a starting 
point. For the geometry studied, the resultant Carter 
coefficients are shown in Table 1. 
TABI.~ I : C m " s  COI~R'ICI~~NT FOR 3.. 5.. ANI) ~ - P I I A S C  MACROUE 
J 
These values were calculated assuming similar slot 
openings and stator inner diameters for each of the designs. 
Comparing values, the impact of the additional slots is clear; 
the flux linkage for the 5- and 6-phase machines will be 
reduced compared to the 3-phase machine. However, it is 
noted that in typical automotive applications, the machine 
operates over a wide range of magnetic operating points. At 
lower speeds, the magnetic circuit is highly saturated, while 
at higher speeds it is much less so. The assumptions used to 
derive Carter's coefficient are weakened as the iron operates 
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As the rotor speed increases above cut-in, the effect of the 
source inductance is significant. To illustrate, the modes of 
the 5-phase machinelconverter with a battery load are shown 
in Fig. 5.  From the figure it can be seen that between rotor 
Figure 5 .  Operarional modes of5-ph*= machindmnvener. 
speeds of 1060-6000 rpm there are 8 distinct conduction 
patterns of the rectifier. At speeds between 1060 and 1076 
rpm, a sequence of 0-2 diodes are conducting (mode 1): at 
speeds between 1076 and 1079 rpm a sequence of 0-2-3-2 
diodes are conducting (mode 2) .  These modes are not shown 
due to their short durations. As the rotor speed increases more 
diodes conduct and above 2563 rpm, 5 diodes are always 
conducting. The effect of the source inductance on the 3- and 
6-phase machinekonverters is similar, although they each 
have distinct modes of conduction. 
Analytically deriving closed-form expressions for the 
output current of the respective systems in each of the 
conduction modes is very challenging. Average-value models 
of a 3-phase sourcdrectifier with a battery load have been 
derived assuming the stator phase currents are continuous 
[12]. Average-value models of 3- and &phase 
machindconverters with current-source loads have been 
derived for a single mode of operation [13,14]. 
In lieu of average-value expressions, the results of a 
detailed-simulation are used to consider system behavior. For 
the simulation a somewhat simplified model of the machines 
is used. Specifically, to derive the model of the 3-phase 
machine, it is assumed that the stator is wound using 
concentrated windings (1 slot/poldphase). To derive the self- 
and mutual-inductances only the fundamental component of 
the airgap flux density is used, the effects of MMF and stator 
slot harmonics are neglected. The stator winding' leakage 
inductance is calculated Gom the slot geometry of the 
machine. The effect of d-axis saturation is included in the 
model using a compensation factor to adjust values of 
magnetizing inductance [ 111. 
To model the 5- and &phase machines, the back-emf and 
magnetizing inductance obtained from the model of the 3- 
phase machine at each operating point are used. Specifically, 
the values from the 3-phase machine are multiplied by the 
ratio of Carter's ccefficient of the 3-phase machine to that of 
the 5- and &phase machine to generate the respective 5- and 
&phase machine parameters. The stator leakage inductance 
for each machine is calculated &om the respective slot 
geometry. It is recognized that the 5- and 6-phase machines 
have distinct saturation curves. The purpose of using the 3- 
phase &la to generate 5-  and 6-phase machine parameters is 
to assess the accuracy of using the ratio of Caner's 
coefficient to compare the performance of the three 
machines. The simulated performance of the simplified 
machine models are shown in Fig. 6. 
From Fig. 6 it is seen that the simulations predict the 5-  
phase machine will have a higher output current than the 6- 
phase machine over a majority of the s p e d  range. In 
addition, at speeds below 3000 rpm, the 5-phase machine is 
predicted to have a lower output current compared to the 3- 
phase machine. It is also noted that the 5-phase machine has a 
lower cut-in speed compared to the 6-phase machine, hut 
slightly higher compared to the 3-phase machine. 
To observe the behavior of the actual machines, the 
measured output current of the three systems is shown in Fig. 
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7. From Fig. 7 it is shown that the 5-phase machine does have 
a lower cut-in speed relative to the 3-, and &phase machines. 
In addition, the 5-phase machine provides increased output 
current over a majority of the speed range. Comparing 
simulated and measured results it is shown that the 3-phase 
measuredlsimulated responses are in very good agreement 
over the entire speed range. In contrast, neither the 5- nor 6- 
phase measured results compare favorably to simulated 
results at lower speeds. They agree more favorably at higher 
speeds. This is due to the effective airgap used in the models. 
At low speeds, where the machines operate in heavy 
saturation, using the ratio of the respective Carter coefficients 
to predict relative performance is not particularly accurate. At 
higher speeds, where a machine more closely approximates a 
linear magnetic system, the correlation of the models to test 
data is much closer. 
Figure 6. Simulated response using simplified machine models. 
The results from the simplified models of the 5- and 6- 
phase machines indicate that predicting the output 
performance using lumped-parameter models requires 
operating-point-dependent parameters for each respective 
machine. Alternatively, numerical. tools such as finite- 
element or magnetic-equivalent may be used. 
IV. COMPARISON OF COST 
In comparing the 5- and bphase machines, the 5-phase 
concept offers some advantages in terms of product 
performance as well as manufacturability that translates to 
lower cost. For one, the 5-phase is comprised of fewer slots. 
This helps not only the cost but also the machine 
performance. A 5-phase machine, wound with one 
slot/poldphase requires five stator slots per pole whereas a 6- 
phase machine with one sldpoldphase requires six slots per 
pole. For machines of an equal pole count, a &phase machine 
has 20% more coils and statcx slots. This equates back to 
manufacturing cost in that more coils must be wound for the 
6- phase machine, adding labor over the 5-phase machine 
baseline for the insemon of additional slot liners, winding 
and inserting of the additional coils, termination of the 
additional coils, testing of the additional phase, and added 
complexity of tracking an additional set of leads through the 
manufacturing process until lead termination. From the 
product side, any additional part or operation offers the 
possibility of impacted reliability in that the additional part 
can fail or the process can be faulty. The additional 
manufacturing operations addressed reduce the product 
reliability as do the two additional diodes required for the 6- 
phase system. 
Ism x,m m m >m - 1m 5m 33m m 
w--m<v, 
Figure 7. Measured outpt  current as a function of rotor speed far 3.. 5.. and 
6-phase machines. 
The added slots of the bphase also present possible 
performance drawbacks. As shown in the previous section, 
the flux will drop as a result of the larger effective airgap. An 
additional concern of the added slot count is the increase in 
eddy current losses on the unlaminated rotor pole pieces. 
While complex to accurately calculate, these are amibutable 
to permeance variations in the stator surface resulting in a 
flux ripple at the stator slot frequency. Given the 17% higher 
slot frequency of the bphase machine, one can expea the 
rotor surface losses to increase by 20-37% depending upon 
the depth of penetration of the slot harmonic flux. 
If a continuous assortment of diode cnrrent ratings were 
available, one could select a diode for the 6-phase with 5/6th 
the current rating of the 5-phase generator. In practice, this is 
not the case, and one is usually forced to use diodes of the 
same rating for each machine, given the current requirements 
vary by only 20%. 
V. CONCLUSIONS 
In this paper, it is shown that the acoustic output of a 5- 
phase automotive generator compares favorably with that of a 
&phase machine and is much lower than that of the 3-phase 
machine with identical volumes. In addition, the output 
current produced by a 5-phase machine is, in general, 6 4 %  
higher. Comparing the performance and manufacturing cost it 
is concluded that the 5-phase machine is a competitive 
alternative to 6-phase machines when mitigation of acoustic 
noise is of importance. 
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